Abstract-In this work we address limitations in state-of-theart ultrasound robots by designing and integrating the first soft robotic system for ultrasound imaging. It makes use of the inherent qualities of soft robotics technologies to establish a safe, adaptable interaction between ultrasound probe and patient. We acquire clinical data to establish the movement ranges and force levels required in prenatal foetal ultrasound imaging and design our system accordingly. The end-effectors stiffness characteristics allow for it to reach the desired workspace while maintaining a stable contact between ultrasound probe and patient under the determined loads. The system exhibits a high degree of safety due to its inherent compliance in the transversal direction. We verify the mechanical characteristics of the end-effector, derive and validate a kinetostatic model and demonstrate the robots controllability with and without external loading. The imaging capabilities of the robot are shown in a tele-operated setting on a foetal phantom. The design exhibits the desired stiffness characteristics with a high stiffness along the ultrasound transducer and a high compliance in lateral direction. Twist is constrained using a braided mesh reinforcement. The model can accurately predict the end-effector pose with a mean error of about 6% in position 7% in orientation. The derived controller is, with an average position error of 0.39mm able to track a target pose efficiently without and with externally applied loads. Finally, the images acquired with the system are of equally good quality compared to a manual sonographer scan.
Design and integration of a parallel, soft robotic end-effector for extracorporeal ultrasound Lukas Lindenroth, Richard James Housden, Shuangyi Wang, Junghwan Back, Kawal Rhode and Hongbin Liu
Abstract-In this work we address limitations in state-of-theart ultrasound robots by designing and integrating the first soft robotic system for ultrasound imaging. It makes use of the inherent qualities of soft robotics technologies to establish a safe, adaptable interaction between ultrasound probe and patient. We acquire clinical data to establish the movement ranges and force levels required in prenatal foetal ultrasound imaging and design our system accordingly. The end-effectors stiffness characteristics allow for it to reach the desired workspace while maintaining a stable contact between ultrasound probe and patient under the determined loads. The system exhibits a high degree of safety due to its inherent compliance in the transversal direction. We verify the mechanical characteristics of the end-effector, derive and validate a kinetostatic model and demonstrate the robots controllability with and without external loading. The imaging capabilities of the robot are shown in a tele-operated setting on a foetal phantom. The design exhibits the desired stiffness characteristics with a high stiffness along the ultrasound transducer and a high compliance in lateral direction. Twist is constrained using a braided mesh reinforcement. The model can accurately predict the end-effector pose with a mean error of about 6% in position 7% in orientation. The derived controller is, with an average position error of 0.39mm able to track a target pose efficiently without and with externally applied loads. Finally, the images acquired with the system are of equally good quality compared to a manual sonographer scan.
Index Terms-Soft robotics, hydraulics, parallel, design, fabrication, kinetostatics, ultrasound, imaging
I. INTRODUCTION

I
T is commonly accepted that sonographers are exposed to an increased risk in repetitive strain injury [1] , [2] , [3] . A representative study amongst diagnostic medical sonographers and vascular technologists indicates that a significant majority of sonographers experience pain while performing ultrasound scans [4] . This suggests a high demand to improve ergonomics and offload sonographers during clinical scan procedures. Recent investigations show that besides diagnostic sonography, there is an increased demand for intraoperative transthoracic [5] , [6] and transoesophegal [7] ultrasound imaging, particularly for cardiac and lung procedures. Sonographers performing intraoperative ultrasound in for example cardiac catheterization procedures have therefore presumably an increased risk of radiation exposure [8] . Automating diagnostic and intraoperative ultrasound procedures through robot-guidance or -assistance can help address the aforementioned problems and lay the groundwork for more intelligent image acquisition. Robotic ultrasound guidance has found particular application in procedures involving steering orthopaedic [9] or minimally-invasive surgical tools [10] and biopsy needles [11] . Various robotic hardware solutions have been proposed. Researchers have adopted robotic platforms originally aimed at collaborative scenarios in industrial settings, such as Universal Robots UR-series [12] , [13] or the KUKA LWR [9] and LBR iiwa [14] , [15] . A commercial robotic manipulator has been released (LBR Med, KUKA AG, Augsburg, Germany) which is suitable for use in clinical environments due to its conformity with medical device safety (ISO 60601) and medical software regulations (ISO 62304). Current research suggests that such robots can be applied in diagnostics to autonomously perform aorta measurements [16] , in combination with previously acquired MRI scans to autonomously find standard view-planes [17] and in intraoperative procedures to autonomously track surgical tools [18] , amongst others. Whilst such robotic platforms allow for great flexibility through a large workspace and high manipulability, the use of large-scale robotic manipulators can pose various disadvantages for clinical integration. Diagnostic ultrasound scans are divided into their respective body area of interest. For an individual procedure such as a lower abdominal ultrasound scan, a robotic system is therefore only required to achieve a workspace to cover a fraction of the human body. This yields that common robotic manipulators are oversized for such applications, which unnecessarily poses risks to patient safety. Despite high degrees of electrical safety, a mechanical system with a high mass can potentially be more dangerous.
To address this issue, researchers developed customized solutions which are tailored to the application-specific requirements of diagnostic and interventional sonography. Researchers [19] , [20] , [21] have proposed a mechanism which achieves a high degree of probe manipulability and safety. The robot actuation has been moved to the base of the system, thus minimizing its size and weight. Other systems have been developed which separate the probe positioning into two stages: approximate probe placement and finer view-plane adjustments. The first can be achieved by a passive positioning mechanism, which is operated by a clinician, while the latter is obtained with an active end-effector. Researchers from Waseda University first proposed this concept and corresponding design in [22] , in which the end-effector is driven through a parallel mechanism. Similarly, a consortium of researchers have developed a system with active end-effector with the aim of remote tele-diagnosis [23] , [24] , [25] . The system has since been trialled for remote scans [26] and translated to a commercial product (MELODY, AdEchoTech, Naveil, France). Despite the scanning being performed remotely, the design of the system suggests, however, that the assisting operator is still required to apply the necessary force to maintain a stable contact.
Maintaining stable mechanical coupling between ultrasound probe and patient tissue is of paramount importance for ensuring a high-quality image. Approaches to achieve this involve controlling the contact force directly or establishing an elastic contact between the position-controlled device and the patient. While the first has been researched extensively [27] and can be commonly found in various forms of industrial applications, the latter has found more attention in recent years due to an increased demand in cost effective force control and -limiting solutions for human robot collaboration tasks [28] , [29] . Series-elastic actuators have been developed to provide passive compliance in actuated robotic joints [30] . While providing a degree of compliance, this has the disadvantage that a collision or undesired contact in a direction other than the joint axis cannot be compensated for. We have trialled safety clutches for the use in ultrasound robots which exhibit compliant behaviour once disengaged through an excess force [31] , [32] . This, however, renders the system uncontrollable and requires reengaging the clutch mechanism for further operation. In this work, we make use of an elastic soft robotic system, which is aimed at overcoming aforementioned limitations. Soft robotics technologies have opened up new design paradigms for robotic systems through the use of elastic and deformable materials and structures [33] , [34] . Soft robotics systems are commonly designed to interact with or conform to environmental contacts. This allows soft robotic manipulators to exhibit highly dexterous manoeuvrability in for example surgical [35] , [36] , [37] or search and rescue operations [38] . In these scenarios, however, soft robots are not applied to tasks which require significant loadbearing capabilities, predominantly due to their low stiffness. To bridge the trade-off between manoeuvrability and stiffness, research has been driven towards systems with variable stiffness capabilities. A comprehensive overview of stiffening technologies is given in [39] . For applications in which softness is desired, high loadings are demanded and stiffening mechanisms are not suitable, soft robotic systems tend to be combined with external constraints to ensure structural integrity. This is commonly found in exoskeleton research and rehabilitation robotics. Examples include full body, soft exosuits [40] , lower limb exoskeletons [41] and hand exoskeletons for post-stroke rehabilitation [42] , [43] .
In this work, we derive the first soft robotic end-effector which is capable of safely acquiring standard views in extracorporeal diagnostic foetal ultrasound (US). We select foetal US as an initial application due to its high demands to robot safety. We evaluate the performance of our system with respect to derived specifications and show that the proposed system is capable of acquiring a set of standard view-plane required for the assessment of the foetus. The robot utilizes linear soft fluidic actuators (SFAs) which are arranged in parallel around the ultrasound probe to provide high axial loadbearing capabilities and high lateral compliance, thus enabling adaptability and safety in the patient interaction. The individual contributions of this study are:
• Clinical investigation to determine workspace and force requirements for view-plane adjustments in foetal diagnostic ultrasound imaging.
• Design and verification of a soft robotic end-effector which satisfies the derived clinical requirements in workspace and force. It employs robust linear soft fluidic actuators, for which a novel injection-based fabrication is derived, and undesired twist is prevented through a mesh constraint.
• Definition and validation of a lumped stiffness model to describe the motion of the soft robotic end-effector in the absence and presence of external loading. The controllability and imaging capabilities of the integrated system are validated in position control and US phantom experiments respectively.
The paper is structured in the following way. In Section II-A the system requirements are determined, and the robot design is introduced. Based on the design of the system, Section II-B derives a kinetostatic model. Methodologies for the actuation and control of the system are presented in Section II-C. In Section II-D the mechanical properties of the system and its workspace are evaluated. Results are presented in section III. The proposed model is validated and the position controller performance, as well as the imaging capabilities of the system, are assessed.
II. METHODS
Prenatal foetal ultrasound is a routine diagnostic procedure for pregnant women to determine birth defects and abnormalities in the foetus. Common checks include measuring the foetus biparietal diameter (BPD), its head and abdominal circumferences (HC and AC) as well as its femur length (FL) [44] .
In this work we focus on obtaining HC, AC and FL standard view-planes. We establish the clinical requirements to the contact force and movement range of the ultrasound probe for bespoke application and derive a suitable design for a soft robotic end-effector (SEE). Trained sonographers performed the foetal ultrasound scan using a standard ultrasound probe (X6-1, Philips, Amsterdam, Netherlands) which is connected to an ultrasound scanner (EPIQ7, Philips, Amsterdam, Netherlands). The probe was placed in a holder as detailed in [45] . This holder incorporated an electromagnetic (EM) tracking sensor (Aurora, NDI, Ontario, Canada) and six axis force-torque sensor (Nano 17, ATI, Apex, USA), which allowed measurements of the position and orientation of the probe, and the force applied at the probe face to be measured throughout the scan. The recorded tracking and force data of six patients were analysed by extracting time ranges during which standard fetal anomaly views were imaged. These included HC, AC and FL views. Each time range consisted of the few seconds when the sonographer had placed the probe in the correct anatomical region and was adjusting the probe to find the ideal view. For each view the tracking data were analysed to find the range of positions and orientations in the three axes separately. The X and Y axes show movement in the horizontal plane of the scanning bed (left to right on the patient, and foot to head, respectively), and Forces were analysed by dividing the measured force vector into normal and tangential components applied to the surface. The local surface angle was determined at each measurement by fitting an ellipsoidal shape to the tracking data of the scan. The 95th percentile of the forces measured within a time range gives an indication of the maximum force that must be applied by the probe.
2) Mechanism requirements and synthesis: Following the results of the clinical data analysis, it is found that the soft robotic end-effector must satisfy the following requirements
• Be able to withstand axial contact forces of up to 14.1N
and maximum transversal contact forces of ±8.9N • Maximum translation in a range of ±20mm • Maximum tilt in a range of ±12.9°T o maintain a high degree of safety when interacting with the device, the SEE should furthermore comprise of a low transversal stiffness. This allows both the operating clinician and patient to manually displace the probe in case of discomfort.
A soft robotic design based on soft fluidic actuators (SFAs), which have previously been presented in [46] , is proposed. It is comprised of two rigid platforms which serve as base and transducer holder respectively. The platforms are connected through a set of three soft fluidic actuators which are arranged in a parallel fashion at 120°intervals. To allow for sufficient space for the ultrasound transducer cable, the actuators are tilted at an angle of 15°. An overview of the design is shown in Figure 2 .
A common problem in such a proposed soft robotic system is the low stiffness along its twist axis. To improve the stability of the system against twist deformations, a nylon fibre mesh is attached to base and transducer platforms, which acts as a mechanical constraint between the two. To reduce unwanted buckling behaviour, crimps can be added to the mesh by deforming and heat-treating it. Examples of uncrimped and crimped meshes are shown in Figure 3 . Thus, axial rotation of the ultrasound transducer is not considered in this study, as it could be added by simply applying a rotating mechanism to the base of the SEE, which would function as a stiff rotational axis in conjunction with the mesh constraint.
B. Kinetostatic modelling
To determine the ultrasound probe pose under internal fluid volume variation and external loading a kinetostatic model is derived according to [47] . A free body diagram of the model is shown in Figure 4 . In the following, a vector denoted as w f represents a 6 degree of freedom wrench in an arbitrary frame
T with forces F and moments M . Similarly, τ f denotes a reaction wrench in the local SFA frame, which is of the same form as w f . Vectors noted as δx f indicate infinitesimally small displacements in frame f of the form
T with translations u and rotations v.
Let w ext be a vector of forces and moments applied to the tip of the ultrasound transducer. Under static equilibrium conditions, the following holds for a single actuator
Where w θ is the wrench caused by the elastic deformation of the SFA and w V is the reaction wrench caused by the constrained hydraulic chamber. Both are expressed in the tip frame of the system. The tip wrenches w θ and w V can be expressed relative to their local frames by
Where τ θ is a vector of local reaction forces and moments caused by the SFA deformation and τ V is the uniaxial reaction force of the volumetric constraint in the actuator. The matrices J θ (x) and J V (x) are defined by
R(x) is the rotation matrix of the current tip deflection. Matrix Ad is the wrench transformation matrix relating the local SFA frame to the tip frame by
Where R 0 is the spatial rotation of the respective frame and D 0 is the cross-product matrix with the translation vector
.Ĥ is for a single SFA a 6x1 vector containing the third column of Ad.
Considering the elastic behaviour of the SFA, its reaction force τ θ caused by an infinitesimally small, local displacement δx θ can be written as
Where the SFA stiffness K θ is defined as a Timoshenko beam element with
L describes the length of the SFA, A its cross-sectional area, E its Youngs modulus, I the area moment of inertia, G its torsion constant and J the torsion constant. The Timoshenko coefficient Φ is defined as
Φ = 12EI
A α GL 3 with the Timoshenko coefficient α. An overview of the SFA constants is given in Table I . For a given SFA volume, the kinematic relationship between an infinitesimal small volume change δV of the SFA and the displacement of the ultrasound tip frame is given by
The kinematic motion of the tip frame caused by the SFA deflection can be defined as
Substituting Equation 7 into 5 yields
Applying Equations 3 and 8, the static equilibrium condition in Equation 1 can be written as
Equation 9 can be combined with the imposed kinematic constraint defined by Equation 6 to a linear equation system of the form The deflection of the ultrasound transducer tip and internal reaction of the system can consequently be found through matrix inversion
The formulation can be expanded to a number of n SFAs by considering a lumped stiffness K in the probe tip frame. As the actuators are aligned in a parallel configuration, it can be defined by
The matrix J V is adopted by appending the respective columns of the wrench transformation matrix of actuator i Ad i z toĤ such that
The kinematic constraint relationship then becomes
Where δV is an n × 1 vector of SFA volume changes.
To account for changes in matrices J θ and J V for a given motion, the model is solved numerically by dividing the applied external wrench and induced volume vectors into small increments [∆w, ∆V ]
T . After each iteration, R(x) is updated according to the previous tip pose.
For the given number of three SFAs, the update rule for the numerical solution is defined by
For iteration step k.
(vii) 
C. Actuation and control
The SEE is actuated by inflating respective SFAs with a working fluid. As shown in our previous work [48] , we utilize custom hydraulic syringe pumps which are driven by stepper motors (Nema 17, Pololu Corporation, Las Vegas, USA) to induce volume changes in the SFAs. The pumps are controlled with a microcontroller (Teensy 3.5, PJRC, Sherwood, USA) which communicates via a serial interface with a PC running ROS (Intel Core I7-7700HQ, XPS15 9560, Dell, Texas, USA). The PC generates demand velocities or positions for the microcontroller and solves the previouslydefined kinetostatic model to determine the system Jacobian for a given pose. Furthermore, the laptop handles interfaces with peripherals such as a joystick (Spacemouse Compact, 3dconnexion, Monaco) and for closed-loop position control an electromagnetic tracking (EM) system (Aurora, NDI, Ontario, Canada).
1) Soft fluidic actuators:
The linear soft fluidic actuators utilized in this work have been conceptualized in previous work [46] . They are comprised of a silicone rubber body (Dragonskin 10-NV, SmoothOn Inc, Pennsylvania, USA) and stiffer silicone rubber endcaps (SmoothSil 945, SmoothOn Inc, Pennsylvania, USA). A helical constraint is inserted into the silicone to counteract radial expansion of the actuator upon inflation. This, in combination with the stiff endcaps, allows for the actuators to maintain its form and only expand in the direction of actuation. The moulding process of creating SFAs has been significantly improved from our previous work. For the radial constraint an extension spring (Figure 6(v) ) is used. The liquid silicone rubber is injected through an inlet ( Figure  6 (ii)) using a syringe instead of being poured into the mould. This has the significant advantage for the user to be able to pre-assemble the mould without having to manually wind the constraint helix, as it has been commonly done in soft fluidic actuators [49] . In combination with the injection of the silicone this could reduce variations in the fabrication process. A drawing of a finished actuators is shown in Figure 6 (vii). The combination of radial constraint and stiff endcaps allows for the actuators to be driven efficiently with a volumetric input without exhibiting nonlinear behaviour due to bulging. to the controller, which is used to generate demand volume changes. The target points are generated at 2Hz while both the position controller and the kinetostatic model are updated at 30Hz. The low-level step generation for driving the syringe pumps is achieved with an update rate of 6kHz.
D. Experimental validation a) SFA characterization: Using the fabricated SFAs in
an open-loop configuration requires the volume-extension relation to be predictable for any given point in time. This is determined experimentally using a linear rail setup. The position of the tip of the actuator is equipped with a slider and tracked using a linear potentiometer. Contact friction between the linear bearings and rails is minimized using lubrication and friction forces are therefore neglected in the evaluation of the results. Volume and extension data are tracked and synchronized using ROS. b) Stiffness characterization: The stiffness of the system is characterized with the setup shown in Figure 7 . The SEE is mounted to a base plate and its tip is connected through a force-torque sensor (Gamma, ATI, Apex, USA) to a robot manipulator (UR3, Universal Robots, Odense, Denmark). To determine the stiffness of the SEE in a given direction, The mesh reinforcements effect on the axial twist stiffness is determined by twisting the SEE repeatedly by 10°and measuring the z-axis moment. This is done for a configuration without mesh reinforcement, mesh reinforcement without crimps and mesh reinforcement with crimps.
The directional lateral stiffness is obtained by displacing the SEE tip radially in a defined direction over a distance of 10mm. This is repeated for four inflation levels (25%, 50%, 75% and 100% of the maximum SFA volume) and for directions between 0°and 345°in 15°increments around the z-axis. The axial stiffness which corresponds to each extension is determined by displacing the SEE tip in negative z-direction by 1.5mm for 25% and 50% inflation, and by 2.5mm for 75% and 100% extension.
c) Workspace and repeatability: The workspace of the SEE is measured using an electromagnetic tracker (6DOF Reference, Aurora, NDI, Ontario, Canada) which is attached to the side of the SEE tip. The pose of the ultrasound probe tip is calculated with the known homogeneous transformation between tracker and tip. The SFA volumes are varied between 0% and 100% in 10% increments and the resulting static tip The tip of the SEE is controlled to perform a line trajectory from its negative to positive x-axis limits at 60% inflation. The tip pose is monitored with a magnetic tracker and contact forces between SEE and phantom are measured using an ATI Gamma at the base of the phantom. The manipulator is used to test for different indentation depths from 0mm to 15mm in 5mm increments. f) Controllability: The controllability of the SEE is verified with the closed-loop Jacobian-based control system described in Section II-C2. Target trajectories are defined as isosceles triangles with a base of 12.33mm and height of 10mm. For the tilted trajectory, the triangle is titled about one of its sides by 19°. The trajectory is tested in a planar and tilted configuration and tracked 3 times each.
To determine the controllability under an external load, a stiff silicone rubber patch is created as shown in Figure 14 . The patch is lubricated and positioned with its center at the tip of the SEE. To ensure contact with the patch, an initial axial force of 5N is generated by displacing the patch and running the position controller. This is repeated for planar and tilted configurations, where each trajectory is tracked 3 times. g) Sonographer-guided teleoperation: The imaging capabilities for an ultrasound transducer guided by the SEE are verified using a prenatal abdominal phantom (SPACE FAN-ST, Kyoto Kagaku, Japan). The SEE is equipped with an abdominal ultrasound probe (X6-1, Philips, Amsterdam, Netherlands) which is connected to an ultrasound scanner (EPIQ7, Philips, Amsterdam, Netherlands). A passive positioning arm (Field Generator Mounting Arm, NDI, Ontario, Canada) is used to manually position the SEE in the region of interest on the phantom. The sonographer uses the provided ultrasound image feedback to steer the SEE with a connected joystick towards a desired view-plane. The target view-planes have been acquired manually using a handheld ultrasound probe. An overview of the experimental setup is shown in Figure 9 .
III. RESULTS
A. Clinical data
The results of the clinical data acquisition are presented in Table II . The mean and maximum values of ultrasound probe absolute displacement, tilt and applied contact force are shown for each subject. For subject 2 only HC and AC views were obtained. Displacements and tilts are shown with respect to the patient bed. The normal force is assumed to be acting only in negative probe direction and the tangential force shows the vector magnitude of the lateral forces in X and Y.
View-plane adjustments require a maximum translation of ±13.5mm by ±20mm by ±10mm. Corresponding maximum tilts of pitch and roll are in ranges of ±9.8°and ±12.9°. In this study the axial rotation of the probe, yaw, is ignored. The maximum occurring normal and tangential forces are 14.1N and ±8.9N respectively. 
B. SFA characterization
The results of the SFA characterization are shown in Figure  10 . The hydraulic pressure under SFA inflation and the resulting extension are shown in Figure 10(a) and 10(b) respectively. As hysteresis effects are ignored in this study, the curves depict the average between inflation and deflation paths. The volume-extension curve of the SFA can be separated into two regions, a nonlinear (0ml to 1.25ml) and a linear region (1.25ml to 5ml). In the linear region, the relationship can be can be approximated with a first order polynomial as ∆L(∆V ) = 6.61mm/ml − 5.52mm. As the proportion of the nonlinear region compared to the overall extension of the SFA is small, it is ignored for the following investigations. SFAs are therefore assumed to be pre-extended with a volume of 1.25ml. 
C. Twist stiffness
The results of the twist stiffness characterization for each mesh configuration are shown in Table III . The application of a nylon mesh helps to significantly stiffen the torsional axis of the system by 184%. A crimped mesh can further improve the torsional stiffness to 299% of its original value.
D. Directional stiffness
The results of the lateral stiffness characterization under inflation of the SEE are shown in Figure 11a ) in polar coordinates. The radius indicates the magnitude of the stiffness in the given direction. For the given inflation levels of 25% to Figure 11b ). For varying extension, the axial stiffness of the SEE is on average 10.12 times greater the lateral stiffness. Under bending, which is presented in Figure  11c ) the ratio decreases to 8.66 times.
E. Workspace
The workspace of the SEE in position and orientation is shown in Figure 12 ccurs. Compared to the tilt ranges in X and Y the twist is significantly lower and will therefore be ignored in the following investigations. The results of the positioning repeatability evaluation are presented in Table IV. The table indicates 
F. Model validation
The results of the model validation are shown in Figure  13 and summarized in Table V . The estimated workspace of the SEE generated with the kinetostatic model is shown in Figure 13 . The colour of each marker indicates the Euclidean distance between the calculated point and the corresponding measured pose normalized to the maximum error in position and orientation respectively. Overall, the model validation shows with a mean Euclidean error of 1.18 ± 0.29mm in position and 0.92 ± 0.47°in orientation, which are equivalent to 6.21% and 6.56% of the maximum lateral deflection and tilt respectively, good results in predicting the tip pose under SFA extension. 
G. Contact experiment
The motion constraint induced by an indentation contact is investigated. Figure 14 shows the constraint of the mean xdisplacement and y-tilt for a given motion over 10 repetitions normalized to the maximum value. The lateral force applied by the SEE is measured with the force torque sensor. For 
H. Position control
An example of a tracked trajectory with external loading is shown in Figure 15 . The position controller tracks the desired position accurately with marginally larger tracking error around the corners of the triangular path. The quantitative results of the controller evaluation for the three executions are presented in Table VI for both the unloaded and loaded trajectories. The results indicate a higher mean error for the z-direction regardless of the configuration, which is also observable in the visualization above.
I. Teleoperation and image-acquisition
The images obtained through manual ultrasound probe placement and steering with the SEE are presented in Figure  16 . Anatomical structures of the foetus phantom are clearly visible throughout all images with minor shadowing on the left side of the FL standard view-plane, outside of the region of interest. In both cases, the regions of interest are centered in the image. Moreover, the contrast in the robot-acquired images is similar to the one in the manually-obtained images.
IV. DISCUSSION
In this work we developed a soft robotic ultrasound imaging system to improve sonographers ergonomics, allow for teleoperation of the scanning and provide a platform for advanced imaging approaches. The device is designed in form of an end-effector which is positioned in the area of interest and actively steered towards the desired view-plane. Due to its inherent compliance, the SEE is able to maintain contact while exhibiting sufficient axial stiffness to ensure mechanical coupling for the ultrasound image acquisition.
The system shows with its high axial and low lateral stiffness good applicability to foetal ultrasound scanning. Despite the quick decline of stiffness with axial extension, the SEE is with 14.41N/mm axial stiffness at full extension still capable to apply sufficiently high forces to the patient without significant deformation (about 1.03mm at maximum axial load during intervention of 14.1N). The lower lateral stiffness allows for the system to be adaptable to the contact surface and be moved away in case of discomfort in the patient. We have shown that the integration of a braided nylon mesh, which has previously only been used to avoid ballooning in SFAs, can significantly improve the twist stiffness of the SEE to up to three times in comparison to the mesh-free system. This is crucial for spatial loadbearing tasks and greatly improves the usability of the system.
The coupling between position and orientation is an obvious limitation in the usability of the design. It can be seen, however, that the mechanical properties of the surface contact greatly affect the coupling behaviour. We have shown that an indenting contact reduces the lateral motion of the ultrasound probe significantly more than the tilt. It can easily be seen that a very stiff coupling in combination with the minimal contact friction caused by the application of ultrasound gel greatly reduces the tilt capabilities of the system while allowing for lateral sliding. It can therefore be concluded that in practice the coupling can be reduced by varying the axial pressure applied to the patient. This is supported by the findings of the tele-operated image acquisition in Section III-I and will be investigated further in future research.
A maximum lateral motion and tilt range is achieved when no axial extension is present. To ensure a more homogeneous workspace, an axial translation degree of freedom could be added to the system without sacrificing the adaptable performance of the system.
The validation of the proposed model indicates high accuracy for most of the workspace with about 6% error in deflection and 7% in tilt. The model deviates more along the boundaries of the workspace, which could be caused by the larger deflection of the SFAs and resultant nonlinearieties in the material properties. It can be computed efficiently, and we have shown its suitability for the integration in open-loop velocity and closed-loop position control systems. The positioncontrolled system can track target positions accurately, both in free space and under external loading.
V. CONCLUSION
The SEE design proposed in this work is a first proof of concept for utilizing soft robotics technologies in medical ultrasound applications. We have shown that under certain conditions the SEE satisfies the requirements imposed by the clinical application. The derived kinetostatic model mimics adequately the behaviour of the physical robot and the integrated system is capable of tracking target trajectories accurately and obtaining high-quality ultrasound images of a prenatal ultrasound phantom.
